Bonamiosis due to the parasite Bonamia ostreae has been associated with massive mortality in flat oyster stocks in Europe. Control of the disease currently relies on disease management practices and transfer restriction. Previously, massal selections based on survival to challenge to infection with B. ostreae have been applied to produce flat oyster families with resistant progeny. In an attempt to understand the molecular mechanisms involved in disease resistance, differentially expressed sequence tags between resistant and wild Ostrea edulis haemocytes, both infected with the parasite, were identified using suppression subtractive hybridisation. Expression of seven ESTs has been studied using quantitative reverse-transcriptase PCR. The base-line expression of an extracellular superoxide dismutase, inhibitor of apoptosis (OeIAP), Fas ligand (OeFas-ligand) and Cathepsin B was significantly increased, whilst cyclophilin B appeared significantly decreased in resistant oysters. Considering their great interest for further studies, the open reading frames of the OeFas-ligand and OeIAP were completely sequenced.
Introduction
Oyster farming is currently exposed to heavy mortality associated with the detection of pathogens (virus, bacteria and parasites). Treatment cannot be used because oysters are mainly cultured in open areas and vaccine cannot be dev eloped because molluscs lack lymphocytes and antibodies. Consequently bivalve disease control generally relies on stock management and transfer restriction. Development of resistant animals when possible can also help to mitigate disease impacts. Bonamia ostreae has contributed to decrease flat oyster Ostrea edulis production in France since the end of the seventies [1] and [2] . This protozoan is affiliated to the order of haplosporidia and to the phylum of cercozoan [3] . B. ostreae is most often observed inside the haemocytes [1] and [2] , but it can also be observed extracellularly in the digestive gland and in the gills [4] . Haemocytes, the circulating cells present in haemolymph, play a key role in the immune response of molluscs. Bivalves lack specific immune system and immune memory. Their immune response relies on innate cellular and humoral mechanisms both operating in coordination to recognize and eliminate pathogens. Phagocytosis is the main cellular immune response against pathogens in molluscs [5] . Thus, the better comprehension of interactions between the immune system of oysters and pathogens are key factors to understand the development of related diseases. Selective breeding programs were initiated in Ireland and France, with the main objective of producing flat oysters resistant to bonamiosis [6] and [7] . In France, this program was first initiated in 1985 by Ifremer (Intsitut Français de Recherche pour l'Exploitation de la Mer), producing two oyster populations by mass spawning [8] . Individual selection was applied through inoculation tests and field testing, the surviving oysters being used to produce the next generation. Three generations of selection were produced in Ifremer hatchery. At that stage, microsatellite analyses showed that these strains exhibited low genetic diversity due to population bottlenecks, leading to small effective population sizes and subsequent inbreeding [9] . As a result, the second stage of this selective breeding program consisted of the production of bi-parental families combined with within-family selection. Families produced in 1995 consisted of within-strain crosses. Then, in order to maximize genetic variability, families produced in 1998 were issued from among-strain crosses between two families previously produced. These families showed enhanced survival and lower prevalence of the parasite compared with control wild-type oysters in B. ostreae contaminated areas [7] . Such material is also helpful to better understand resistance basis. As an example, in the Sydney rock oyster, Saccostrea glomerrata the use of selected oyster against the parasite Marteilia sydneyi allowed identifying genes involved in the resistance to the disease [10] . In the present study, a comparison of the molecular responses between a resistant population and some wild oysters was undertaken using suppression subtractive hybridization (SSH), a PCR-based technique that allows the identification of genes that are differentially expressed between two conditions. In addition, RT-PCR assays were developed in order to estimate expression level of ESTs of interest during an in vitro infection of haemocytes from resistant and wild oysters. Finally, the open reading frames of two selected genes (OeFas-ligand and OeIAP) were completely sequenced and characterized.
Material and methods

Biological material
Oysters
Eighteen-month-old flat oysters Ostrea edulis (n= 90) were collected from Quiberon Bay (Southern Brittany, France), a bonamiosis endemic zone. They were acclimatized in the quarantine facilities of Ifremer laboratory in La Tremblade (Charente Maritime, France) over 30 days. These oysters are considered as the wild population in this study. The resistant oysters were produced in the Ifremer hatchery from Argenton (Northern Brittany, France) from spawners previously selected for their resistance to bonamiosis. When they were 18 months old, they were transferred and acclimatized in the quarantine facilities of Ifremer laboratory in La Tremblade (Charente Maritime, France) over 30 days. Flat oysters were maintained in 120 l raceways supplied with a c onstant flow of seawater enriched in phytoplankton (Skeletonema costatum, Isochrisis galbana, Chaetoceros gracialis and Tetraselmis succica).
Haemolymph collection
Haemolymph was withdrawn from the adductor muscle using a 1mL syringe equipped with a needle (0.40x90mm). Haemolymph samples were filtered on a 7 5 µm mesh to eliminate debris and m aintained on ice to prevent cell aggregation. Haemolymph samples were pooled. Haemocyte counts were performed using a Malassez-cell and cell concentration was adjusted at 2.10 6 cells mL -1 with filtered seawater at 0.22 µm (FSW).
Parasites
B. ostreae was purified according to a pr eviously published protocol [11] . Briefly, heavily infected oysters were selected by examination of heart tissue imprints using light microscopy. After homogenization of all the organs except the adductor muscle, the parasites were concentrated by differential centrifugation on sucrose gradients and then purified by isopycnic centrifugation on a Percoll gradient. Finally, the purified parasites were suspended in FSW. B. ostreae cells were then counted using a Malassez-cell and parasite concentration was adjusted at 10.10 7 cells mL -1 with FSW.
In vitro infection protocol
In vitro infection experiment including infected haemocytes from resistant oysters and infected haemocytes from wild oysters was performed in order to construct forward and reverse SSH libraries. The expression level of some genes identified through SSH was then evaluated through a second in vitro experiment including two conditions i.e. (1) infected haemocytes from resistant oysters and (2) infected haemocytes from wild oysters. Whatever was the experiment, haemocytes were maintained in contact with purified parasites during 2 h . For that purpose, 5 m l of haemocyte suspension were introduced in plastic cell culture flasks and incubated at 15°C for two hours until the formation of a c ell layer. Supernatant was then withdrawn, preserved after 0.22 µm filtration and replaced by 500 µl of parasite suspension. After 2 hours, supernatant previously filtered at 0.22 µm to eliminate bacteria, was introduced again in flasks. After 12-hour incubation, cells were rinsed twice with phosphate buffer saline (PBS 1X) and were processed for RNA extraction using TRIZOL reagent (Invitrogen) following the manufacturer's instructions.
Suppression subtractive hybridisation (SSH)
One µg of mRNA from the haemocytes exposed to the parasite and 1 µg of mRNA from the haemocytes alone were used as templates for the SSH following the PCR-select cDNA subtraction kit procedure (Clontech, Palo Alto, CA) [12] . Forward subtraction was carried out using the haemocytes from resistant oysters exposed to the parasite as the tester and the haemocytes from wild oysters exposed to the parasite as the driver. The opposite was performed for reverse subtraction. PCR products were cloned using TOPO TA Cloning Kit (Invitrogen). White colonies were screened by macro-arrays. Inserts were PCR amplified using TOPO F and R primers (Table 3 ) and 1 µL of PCR products was spotted in duplicate onto nylon membrane (Roche Diagnostic). cDNA was digoxygenin labelled and used as probe in hybridisation experiments using the DIG-labelling and detection kit according to the manufacturer's instructions (Roche Diagnostic).
Sequencing and sequence analysis
Clones showing a differential digoxigenin labelling intensity between tested conditions were selected and amplified using TempliPhi DNA Sequencing Template Amplification Kit (Amersham's). PCR products isolated from individual clones were sequenced in one way with TOPO F with the sequencing kit ABI BigDye® terminator version 3.1 using an ABI PRISM® 3130 XL-Avant Genetic Analyzer, a 36 cm capillary array and POP 7 polymer. Chromatograms were analysed with Chromas 231 software. Sequences were then analysed with BlastX algorithm available from the National Center for Biotechnology Information (NCBI). EST sequences were then submitted to dbEST and GenBank databases (http://www.ncbi.nlm.nih.gov/blast/). Only E values less than 10 -4 were considered significant.
Identification and characterization of immune-related genes
In order to obtain the complete open reading frames (ORF) of Fas-ligand (OeFas-ligand) and inhibitor of apoptosis, IAP (OeIAP), RACE PCR reactions were carried out using SMART RACE cDNA Amplification Kit from Clontech according to the manufacturer's instructions. 5' and 3' primers were designed using primer 3 software (http://biotools.umassmed.edu/bioapps/primer3_www.cgi) (5'racefas TGAGTTAGCCCTGTTTCTCCACCAG, 3'racefas CTGGTGGAGAAACAGGGCTAACTCA; 5'raceIAP CCTCCATGTCAAAAATCACATTAGC, 3'raceIAP ATGTGATTTTTGACATGGAGGAGAG). After ligation and cloning in TOPO Vector System (Invitrogen) and transformation in Top 10 competent bacteria (Invitrogen), several clones were sequenced using the same protocol as described before. Open reading frames were identified using the ORF finder in NCBI. Complete sequences were deposited in GenBank and assigned under the accession numbers GU320694 (OeFas-ligand) and GU814273 (OeIAP). The isoelectric point and molecular mass were calculated in http://www.expasy.ch/tools/pi_tool.html.
Phylogenic analysis of OeFas-ligand
The sequence of the complete ORF of OeFas-ligand was aligned with Fas ligand, TNF alpha and lymphotoxin alpha genes from GenBank database. Alignments were performed using the Clustal W [13] including in MEGA 4 [14] . A phylogenic tree based amino acid sequences was designed using the Neighbour-Joining (NJ) [15] algorithm with the MEGA 4 s oftware program. Statistical confidence on the inferred phylogenic relationships was assessed by bootstrap of 1000 replicates.
Expression analysis of selected ESTs by quantitative real-time PCR
Total RNA was extracted using TRIZOL reagent (Invitrogen) following the manufacturer's instructions. First strand cDNA was synthesized using the oligo(dT) anchor primer (5'-GAC CACGCGTATCGATGTCGACT(16)V-3') and Moloney murine leukaemia virus (M-MLV) reverse transcriptase SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). For each of the selected genes, forward and reverse primers were designed using primer 3 software (http://biotools.umassmed.edu/bioapps/primer3_www.cgi). Real-time quantitative PCR reactions were duplicated and performed according the previous study presenting in Morga et al., 2010 [17] . For each candidate gene, melting curve and gel picture were analysed in order to verify the specificity of the amplified products and that at a single PCR product was amplified. PCR efficacy (E) was calculated for each primer pair by determining the slopes of standard curves. These curves were generated using a serial dilutions analysis of plasmid containing the insert of interest. Amplification efficacies were calculated according to the following equation E=10 (1-slope) [16] .
The expression of the candidate genes was normalized using the elongation factor 1 alpha (EU651798) as the housekeeping gene. Primers are shown in Table 1 [17] . Resistant infected haemocytes were used as a control in order to identify the relative expression of selected genes in infected wild haemocyte. Wild infected haemocytes were used as a control in order to identify the relative expression of selected genes in infected resistant haemocyte Fold units were calculated using the method described by [16] .
Results
Identification and selection of candidate ESTs
The SSH technique was used to identify transcripts differentially expressed between infected haemocytes from resistant oysters and infected haemocytes from wild oysters. Two thousands and two hundred eight clones were sequenced and 1920 sequences (95% of the sequenced clones) were obtained and analysed (see Table 2 ). These sequences ranging from approximately 152 to 670 bp in length were analysed for the redundancy by multiple alignments using the Lasergene software. Finally, 909 unique ESTs were identified including 333 contigs and 606 singletons. Among these, 382 ESTs showed similarities with genes available in databases with an E value< 10-4 clustering in 8 main categories according to their putative functions predicted by NCBI using GO (Gene Ontology) (Fig. 1) ; (1) detoxification and stress, (2) cell communication, membrane receptor and immune system, (3) ribosomal protein, (4) cystoskeleton structure, (5) respiratory chain, (6) cell cycle, DNA repair, protein regulation and transcription, (7) cell metabolism and (8) (Table 3a and 3b). Extracellular superoxide dismutase (OeEcSOD), inhibitor of apoptosis (OeIAP), OeFas-ligand, cathepsin B and ferritin have been selected in forward bank and Oe-C1q and cyclophylin were selected in reverse bank.
Characterization of Ostrea edulis immune-related genes
Ostrea edulis Fas ligand (OeFas-ligand)
OeFas-ligand cDNA showed a 1097 nucleotide (nt) sequence. The sequence contained a short 5'-untranslated region (1-29 nt) followed by an ORF of 863 nt (287 codons: 30-893 nt) and finished by a 3'-untranslated region (894-1097 nt) (Fig. 2) (Fig. 3). 
Ostrea edulis Inhibitor of Apopotosis (OeIAP)
OeIAP cDNA was composed of 1241 nucleotides (nt) in length. The sequence contained a short 5'-untranslated region (1-16 nt) followed by an ORF of 1076 nt (377 codons: 17-1150 nt) and finished by a 3' -untranslated region (1151-1241 nt) (Fig. 4) (Fig. 5) . The multiple alignment of RING domain between Oe-IAP RING domain and the DIAP1, DIAP2, PmIAP and livin RING domain showed 61% of identity with livin RING domain (Fig. 5 ).
Haemocyte expression of selected ESTs
In order to verify that differential expression of genes identified by SSH existed between resitant and wild oysters, qRT-PCR was carried out to determine the relative expression of the target genes. SSH libraries allowed identifying seven ESTs potentially involved in the resistance or susceptibility to bonamiosis. Significant differences in expression were observed between resistant and wild oysters for five of the seven transcripts. OeEcSOD, OeIAP, OeFas-ligand and Cathepsin B were found to be 2.4, 6.5, 3.8 and 3.6-fold over expressed respectively in resistant oysters compared to wild ones (Fig. 6) . Cyclophylin was 0.07 fold less expressed in resistant oysters (Fig. 6 ). No significant difference was found in the expression of Oe-C1q and ferritin between resistant and wild oysters by qRT-PCR (Fig.  6 ).
Discussion
In the present study, we compared the molecular response of haemocytes from two populations (resistant and wild) to the parasite B. ostreae. Molecular responses were studied using suppression subtractive hybridization method (SSH) and real time PCR method. SSH has already been used to better understand host/pathogen interactions at a molecular level in different bivalve species including Crassostrea gigas [19] , Crassostrea virginica [20] , Saccostrea glomerata [10] , O. edulis [21] , Ruditapes phillipinarum [22] and Ruditapes decussatus [23] .
In our study, this method allowed the identification of 1920 ESTs differentially expressed between infected haemocytes from resistant and wild oysters. A total of 382 ESTs showed similarities with genes available in databases with an E value< 10-4. These ESTs were classified in 8 main categories according to their putative functions predicted by NCBI using GO. Seven ESTs were selected according to their putative biological function. We have focused on genes involved in detoxification and stress and in cell communication, membrane receptor, and immune system. The expression pattern of these ESTs was measured in an in vitro infection experiment. Real-time PCR analysis confirmed the differential expression of five out of the seven ESTs (more than one fold difference) while Oe-C1q and Ferritin showed similar expression levels between tested conditions. A gene presenting homology with C1q was previously identified in clam species like Mercenaria mercenaria, Mytilus galloprovincialis and Ruditapes decussatus [23] , [24] and [25] . C1q is the first subcomponent of the C1 complex of the classical pathway of complement activation which is crucial for the clearance of pathogens in vertebrates [26] and invertebrates [27] . The C1q gene was significantly up regulated in Mercenaria mercenaria and R. decussatus in response to QPX and Perkinsus olseni, respectively [24] and [ 23] while in our study the expression of this gene was not affected by the status of the oyster resistant or wild Although C1q gene was identified in S. glomerata resistant population to the parasite M. sydneyi, the expression of this gene appeared not modulated in resistant population compared to wild oyster population [10] . Ferritin has been classified as a s tress protein [19] and has also been associated with defence mechanisms because of its role in the regulation of iron availability to infectious agents [28] . Previous studies showed an increase of ferritin expression in invertebrates following exposures to pathogen-associated molecular patterns (PAMPs) or bacterial challenge [19] and [29] . [24] Perrigault et al. have reported an increase of ferritin expression in clams challenged by Quahaog parasite X (QPX) after 28 and 48 days. In our study, we did not observe difference between wild and resistant oysters suggesting that this mechanism is not involve in resistance or susceptibility to B. ostreae. The putative cyclophilin gene was significantly down regulated in infected haemocytes from resistant oysters. On the contrary, cyclophilin was found up-regulated in response to the bacteria Vibrio splendidus 10 hours after inoculation in resistant cupped oyster Crassostrea gigas [30] . Cyclophilin, a peptidylprolyl isomerase is known in mammals to mediate signalling events leading to T-cell activation [31] . A decrease of phagocytosis activity has been observed when comparing activities of hameocytes from B. ostreae infected and no infected resistant oysters (morga pers. com.). This apparent phagocytosis inhibition could be related to the down regulation of the putative cyclophilin observed in the present study. The over expression of OeEcSOD gene in resistant flat oysters might be related to an increased production of cytotoxic components generated during an immune response as shown by [10] Green et al. in S. glomerata. SOD is known to be involved in the regulation of oxidative stress response. [21] Morga et al. have shown that Oe-EcSOD presented a high sequence homology with other bivalve ecSODs, notably Dominin from the eastern oyster, C. virginica [20] with Carvortin from the Pacific oyster, C. gigas [32] and with ecSOD from Saccostrea glomerata [10] . The ability of resistant O. edulis to generate hydrogen peroxide at a faster rate and higher concentration than wild flat oysters during respiratory burst could explain their better survival to infection with B. ostreae. In a previous study, we showed a significant decrease of reactive oxygen species (ROS) production in wild flat oyster haemocytes after an in vitro infection of O. edulis haemocytes with live parasites versus haemocytes alone [33] . Moreover a recent study on the relative expression of this gene after an in vitro infection of haemocytes from wild flat oyster with the parasite Bonamia ostreae revealed a down regulation of OeEcSOD after 1h of contact [21] . An increased production of SOD in resistant oysters may be regarded as an advantage in controlling negative effects of ROS production on host cells.
Three genes involved in apoptosis (programmed cell death) have been found over expressed in resistant oysters in response to the infection with the parasite B. ostreae: genes encoding Fas Ligand, an IAP and cathepsin B. Apoptosis is a c ommon physiological process that eliminates unwanted or diseased cells, and it plays important roles in embryogenesis, homeostasis, metamorphosis and immunity [34] and [35] . The mammalian extrinsic apoptosis pathway is regulated by various genes and factors, including Fas (APO-1 or CD95), Fas ligand (CD95 ligand), tumour necrosis factor (TNF) and related apoptosis-inducing ligand (Apo2L/TRAIL). It is well known that the Fas and Fas ligand (FasL) system plays a central role in apoptosis [35] . Fas is a type I transmembrane glycoprotein that mediates apoptosis and its biological ligand (Fas ligand) induces apoptosis through the binding to Fas [36] . Phylogenic tree analysis of OeFas ligand has shown closest affinity with its homologous in abalone Haliotis discus hannai. The over expression of the OeFas ligand in infected haemocytes from resistant oysters suggested that the product of this gene is involved in the immune response against the parasite B. ostreae. Inhibitors of apoptosis proteins (IAPs) are a conserved group of proteins that regulate apoptosis in both vertebrates and invertebrates. Since the first discovery of an IAP gene in a baculovirus [37] , numerous cellular IAP homologues have been identified [38] The hallmark of an IAP protein is the presence of one to three copies of a zinc-binding baculoviral IAP repeat (BIR) domain. These BIR domains are essential for the anti-apoptotic properties of the IAPs and directly bind to the caspases in order to inhibit them [39] and [ 40] . The structure of the OeIAP is more similar to the ML-IAP (livin) from human [41] and [42] but the multiple alignment of the BIR domain from OeIAP with BIR domains from other species showed a high identity with the BIR3 domain from Penaeus monodon. Cathepsins have often been considered as intracellular proteases capable of mediating caspase-independent cell death [43] . Cathepsins have recently been shown to be associated with cell death regulation [44] and [ 45] . The over expression of the cathepsin B in resistant infected haemocytes leave suspect an i mplication of this gene in the apoptosis pathway according the previous results notably the over expression of the OeFas-ligand and the OeIAP. All these results suggest that apopotosis plays a key role in the resistance of flat oysters to bonamiosis. Both the parasite and the host might influence this mechanism. By inducing the expression of the anti-apoptotic gene OeIAP, B. ostreae seems to inhibit apoptosis in order to survive inside the haemocytes. As for the host, our results seem to indicate that resistant oysters eliminate or limit the development of the parasite by inducing apoptosis. This hypothesis is supported by the over expression of Oe-Fas-ligand observed in resistant oysters versus wild oysters. The manipulation of the host apoptosis by intracellular parasites is currently described in vertebrate and invertebrate hosts [39] . Mammalian intracellular parasites such as Toxoplama gondii, Trypanosoma cruzii, Plasmodium sp., Cryptosporidium parvum are able to trafficking the apoptosis, [46] . Macrophages and T cells infected by the parasite Toxoplasma gondii are able to induce apoptosis by the Fas ligand. However, an inhibition of the apoptosis has also been reported in the macrophage and different cell lines by the up regulation of the anti-apototic homologue such as Bcl-2 [47] . In invertebrates, apopotosis seems to play also a major role in the response to pathogens like in the oyster C. virginica against Perkinsus marinus [48] or in the clam R. decussatus against P. olseni [23] . A large number of genes involved in apoptosis has recently been identified in C. gigas and was found overexpressed in the context of an infection with Vibrio anguillarum [49] .
Our study is the first one investigating resistance of a marine bivalve to an infection with an obligate intracellular parasite. It has not only generated new data concerning the flat oyster genome but has also contributed to a better understanding of the molecular basis involved in the resistance to B. ostreae infection. Two mechanisms including apoptosis (cathepsin B, OeFas-ligand and OeIAP) and oxidative detoxification (Oe-EcSOD) appear involved in the resistance to the parasitosis. Further functional studies are now required to better characterized how these mechanisms allow the host to resist to B. ostreae. 
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